Introduction
Rupture of the anterior and/or posterior cruciate ligament is a common knee injury sustained by athletes in high-risk sports and victims of high-speed traffic accidents. 1 Successful ligament reconstruction involves penetrating a tendon graft through the bone tunnel and anchoring it between the femur and tibia. 2 However, the healing rate of the tendon in the bone tunnel is relatively slow due to the lack of a suitable biointerface between the tendon graft and bone tunnel for efficient integration. 3, 4 Orthopedic basic science research strategies aiming to augment tendon-bone healing include the use of osteoinductive growth factors, platelet-rich plasma, and enveloping the grafts with periosteum or osteoconductive materials. [5] [6] [7] [8] [9] In addition, numerous studies have clinically demonstrated the promotion of tendon-bone anchoring by fixation with a biodegradable interference screw or press-fit bone plug. 10, 11 In recent decades, polymeric biomaterials for clinical applications have received increasing attention owing to their additional potential advantages. 12, 13 For example, polylactide (PLA) is a biodegradable polymer with good mechanical strength and has been considered an ideal biomaterial for load-bearing applications, such as fracture fixation devices. 14, 15 Other polymeric biomaterials exhibit sustainable drug-eluting capacities that are beneficial in orthopedic surgeries, including controlled delivery of growth factors for promoting bone healing, sustainable elution of antibiotics for combating infection, and biomimetic patches for tendon or ligament reconstructions. [16] [17] [18] Poly(d,l-lactide-co-glycolide) (PLGA) belongs to the class of synthesized copolymers from which absorbable sutures, absorbable surgical clips, and controlled release implants are made.
This study designed and developed a tendon fixation model based on polymeric biomaterials that provided adequate tendon-bone anchoring and enhanced tendonbone healing. The three-dimensional (3D) printing technique is a novel process by which objects to be printed out can be of almost any shape or geometry. 19 On the other hand, electrospinning technique does not require the use of coagulation chemistry or high temperatures to produce solid threads from solution. All these make the processes suited to the production of fibers from molecules of biomaterials. 20 We hypothesized that successful tendon reconstruction can be effectively achieved using the 3D printing technique to fabricate a biodegradable PLA bone bolt for tendon-bone anchoring and the electrospinning technique to produce PLGA nanofibrous membranes embedded with collagen for promoting tendon-bone healing. We assessed the in vitro characteristics of the PLA bolt and PLGA membrane for their cytocompatibility. In addition, in vivo evaluations of these composite polymers for promoting tendonbone healing were conducted by wrapping a nanofibrous membrane on a tendon graft and implanting the tendon in a rabbit model.
Materials and methods

3D printed Pla bolt Preparation of the 3D printed Pla bolt
Commercially available PLA filaments (Prolink Microsystems Corp., Taipei, Taiwan) with a diameter of 3 mm were used for the 3D printing. The bone-anchoring bolts were prepared by fused deposition modeling using a 3D printer (U-Maker, Taipei, Taiwan) with a resolution of 200 µm. Figure 1 shows the layout and dimensions of the truncated 
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enhancement of tendon-bone healing cone-shaped bone bolt design. During the process, the printer extruded small beads of material that harden immediately to form layers. The PLA filament that was wrapped on a coil was unwound to supply material to the extrusion nozzle head. The nozzle head heated the material and turned the flow on and off. Two stepper motors were employed to move the extrusion head and adjust the flow. A computer-aided manufacturing software package was used to develop a code that was sent to a microcontroller controlling the motors.
characterization of 3D printed bolts
The molecular weight variation of the 3D printed PLA bolts was monitored by immersing them in a phosphate buffer, 0.15 mol/L (pH 7.4), at 37°C. The PLA samples were taken out of the buffered solution after 3 months. After drying the PLA bolts in an oven for 24 hours, their molecular weights were measured by a gel permeation chromatograph equipped with a Waters 2414 refractive index detector (Waters Corp., Milford, MA, USA).
PLGA/collagen nanofibrous membranes Preparation of collagen-embedded nanofibrous membranes
Collagen-embedded nanofibrous membranes were fabricated by electrospinning of commercially available PLGA (Resomer RG 503; Sigma-Aldrich Co., St Louis, MO, USA), which is a biodegradable polymer blended with collagens. PLGA has a lactide:glycolide ratio of 50:50 and a molecular weight of 33,000 Da. Type I collagen from bovine achilles tendon and 1,1,1,3,3,3-hexafluoro-2-propanol as the solvent were purchased from Sigma-Aldrich Co. (St Louis, MO, USA).
The electrospinning system consisted of a syringe and a needle (internal diameter: 0.42 mm), a ground electrode, an aluminum sheet, and a high voltage supply. The needle was connected to the high voltage supply, which could generate positive DC voltages and currents up to 35 kV and 4.16 mA/125 W, respectively. For the electrospinning of PLGA/collagen fibers, PLGA and collagen were first dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol at concentrations of 15% and 8% (w/v), respectively. A series of PLGA/ collagen blend solutions (PLGA solution/collagen solution =40/60 v/v, 50/50 v/v, 67/33 v/v, 80/20 v/v, 100/0 v/v) were prepared by mixing each solution at predetermined ratios and then delivering them by a syringe pump at a volumetric flow rate of 4 mL/h. The distance between the needle tip and ground electrode was 15 cm, and a positive voltage of 17 kV was applied to the polymer solutions. All electrospinning experiments were performed at room temperature.
scanning electron microscopic observation of nanofibers
The morphology of the electrospun PLGA/collagen nanofibers after gold coating was observed on a scanning electron microscope (SEM, Hitachi S-3000N; Hitachi Ltd., Tokyo, Japan). The average diameter and diameter distribution were obtained by measuring the diameters of 50 randomly selected fibers.
Water contact angle and ph value measurement of nanofibers
The water contact angles of the nanofibrous PLGA/collagen membranes were measured using a water contact angle analyzer (First Ten Angstroms, Portsmouth, VA, USA). Samples of dimensions 1×1 cm were cut out from the membranes and placed on the testing plate after distilled water was carefully dropped on their surfaces. The contact angles were measured using a video monitor. The contact angles of the membranes with various PLGA/collagen ratios were measured. Contact angles from 0° to 30° were defined as highly hydrophilic, 30° to 90° as hydrophilic, 90° to 150° as hydrophobic, and 150° to 180° as highly hydrophobic.
The pH values of the eluted solutions from the PLGA/ collagen membranes on days 1, 2, 3, 7, 14, 21, 28, 56, and 84 were monitored by a pH meter (EuTech Model PH1100; Eutech Instruments Pte Ltd, Singapore).
Cytotoxicity of electrospun nanofibers
The cytotoxicity of the electrospun nanofibers was examined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reduction assay (Hoffman-La Roche Ltd., Basel, Switzerland) of cell viability. The electrospun PLGA/ collagen nanofibers were cut out with a punch and placed in 24-well culture plates. Human fibroblasts obtained from the foreskins of patients (1-3 years of age) undergoing surgery were seeded (5×10 3 cells/well) in Dulbecco's Modified Eagle's Medium (DMEM) at 37°C under a 5% CO 2 /95% air condition until cell confluence. Cell viability was monitored on the first and third days by MTT assays and was quantified using an enzyme-linked immunosorbent assay reader. DMEM was set as a control group for comparison with DMEM embedded with nanofibers having five different PLGA/collagen ratios. The optical density (OD) was measured under a light source of 490 nm. 
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chou et al of 3.3±0.7 kg were used in this study. Under the supervision of a licensed veterinarian, all rabbits involved in this study were cared for in a manner that was consistent with the regulations of the National Institute of Health of Taiwan. All animal-related procedures received institutional approval from Chang Gung University.
During the procedure, all 48 rabbits received general anesthesia through inhalation of isoflurane (Aesica Queenborough Ltd., Queenborough, UK) in an anesthesia chamber that comprised a 40×20×28 cm transparent acrylic box. After the anesthesia induction procedure, all rabbits were carried out of the chamber and were supplied tolerable isoflurane through a mask to maintain sufficient anesthesia throughout the surgical procedure. After an aseptic preparation, all rabbits underwent a longitudinal incision and a lateral parapatellar approach to expose the left knee joint. The long digital extensor tendon was identified and detached from its insertion on the lateral femoral condyle by a sharp dissection. The free tendon tip was sutured with four bands of 3-0 Vicryl sutures (Ethicon, Somerville, NJ, USA) for further tendon procedures. The soft tissue and fascia over the tibialis anterior muscle were retracted to expose the proximal tibia. A 2.0 mm drill hole was created on the metaphysis of the proximal tibia perpendicular to the long axis of the bone. The length of the tunnel was measured with a depth gage. After adequate preparation of the bone tunnel, the free end of the tendon was manually pulled through the drill hole ( Figure 2A) . Then, the tendon tip was passed through the central hole of the 3D printed bolt and was fixed to the bolt by tendon looping and suturing with prepared bands of 3-0 Vicryl sutures ( Figure 2B and C). The rabbits were randomly divided into two groups. In group A, 24 rabbits underwent only the aforementioned tendon transfer procedure. In group B, a nanofibrous membrane of dimensions 10.0×5.0 mm with a PLGA/ collagen ratio of 67/33 was prepared and wrapped around the free tendon end for all 24 rabbits before completing the same tendon transfer steps ( Figure 3A and B) .
After completing the surgical procedure, all rabbits were allowed to live freely and were given standard rabbit chow and sterilized drinking water ad libitum. The temperature and humidity in our institutional animal care center were maintained at ∼24°C and 70%, respectively.
animal euthanasia for biomechanical and histological studies
After completing the scheduled postoperative course, 24 (12 of group A, 12 of group B) rabbits were euthanized by intravenous injections of 10 cc lidocaine at postoperative 8 weeks, and the other 24 (12 of group A, 12 of group B) rabbits were sacrificed at postoperative 16 weeks for interfacial strength tests and histological study.
At each period, four tibias with affixed transferred tendon specimens from each group were harvested for histological examination. The proximal tibia specimens were immersed in 5% formic acid for decalcification for 3 days, dehydrated in a gradient ethanol series, embedded in paraffin, sectioned at At each period, the other eight tibia specimens from each group were prepared for interfacial strength measurements in the healed tendon/bone test. The long digital extensor muscle and tendon were sutured using a No 5 Ethibond suture. The tibia with an affixed tendon was clamped in a specially designed fixture and then tested using a material testing system machine (MTS systems, Eden Prairie, MN, USA; Figure 4A and B). During the measurement, the tendon was pulled by the top clamp at a rate of 45 mm/min through a distance of 10 cm before the clamp was returned to its starting point. The failed mode and maximum failure load were recorded for all tibia specimens.
statistics and data analysis
Data were collected from quadruplicate samples and analyzed by one-way analysis of variance. Differences were considered statistically significant for P,0.05. 
Results
3D printed Pla bolt
The 3D printed bolt was successfully manufactured using the 3D printer. The average total time for printing a bolt was ∼15 minutes. After immersion in phosphate-buffered solutions for 3 months, no obvious size or shape change was observed in the PLA bolt. The molecular weight variation of the PLA in the 3D printed bolt was measured by a gel permeation chromatograph. The molecular weight of the PLA study demonstrated significant degradation of the PLA material after immersion in buffered solutions for 3 months ( Figure 5 ).
PLGA/collagen nanofibrous membranes
A collagen-embedded nanofibrous membrane with five different PLGA/collagen ratios was effectively fabricated by the electrospinning technique. Figure 7) . The SEM images clearly indicated that PLGA/ collagen at a 40/60 mixing ratio had a significantly smaller mesh size compared with the other four conditions. This SEM study revealed that the higher the PLGA ratio of the PLGA/ collagen blend solutions, the higher the inconsistency in the nanofiber diameters. In contrast, the higher the collagen ratio of the solutions, the smaller the average diameter of the nanofibers. Figure 8A -E shows that only the nanofibers with a PLA/collagen ratio of 100/0 exhibited hydrophobic characteristics, whereas the other four nanofibers exhibited hydrophilic characteristics. In addition, the higher the collagen ratio of the PLGA/collagen blend solutions, the greater the hydrophilic nature of the nanofibers, which will in turn promote cell differentiation and tendon reconstruction. The pH values of the eluted solutions from the PLGA/collagen membranes on various days are shown in Figure 9 . All nanofibers with different PLA/collagen ratios maintained their acid-phosphate values between pH 7 and pH 8, which are suitable for cell growth.
After culturing the fibroblasts in DMEM, the OD values considerably increased from day 1 to day 3 for all groups embedded with nanofibers compared with the control group (no nanofibers; P,0.05). Furthermore, the group with a PLGA/collagen ratio of 67/33 revealed a more significant boost in the OD value (P,0.01). Thus, the nanofibers with a ratio of 67/33 were selected for subsequent animal studies ( Figure 10 ). 
nimal study
The histological examination of the medial cortical tunnel cross sections revealed progressive new bone formation in the bone tunnel at 8 weeks ( Figure 11A ). At 16 weeks, the new bone grew around the bolt in a circular manner. There were no tissue overreactions around the bone tunnel and the newly formed bone, which demonstrated the biocompatibility of the 3D printed bolt in the rabbit bone tunnel model ( Figure 11B ). In 8-week lateral cortical tunnel specimens, most cross sections showed a significant "halo sign" at the tendonbone interface, indicating the bone tunnel enlargement phenomenon. 17 Only a few fibrous interface layer formations were observed in group A ( Figure 12A ). There were relatively more fibrovascular interface tissue formations between the tendon and bone junctions in group B ( Figure 12B ). In 16-week lateral cortical tunnel specimens, the halo portion at the tendon-bone interface significantly decreased in group A and there was progressive mineralization and maturation of the new bone growing into the fibrous interface layer ( Figure 12C ). In group B, progressive fiber-bone anchorage, new bone maturation, and organization between the tendon and bone lining developed ( Figure 12D ).
For the tendon-bone interface strength test at 8 weeks, 75% (nine of 12) of the tendons in group A were pulled out from the bone tunnel at the failure point, while the other 25% (three of 12) of the tendons failed by rupture of the mid-substance of the tendon or at the tendon-bone interface. On the other hand, 58% (seven of 12) of the tendons in group B were noted to be pulled out from the bone tunnel and 42% (seven of 12) failed by rupture of the tendons. There was no significant difference between the maximal failure loads of these two groups at this time interval. At 16 weeks, 33% (four of 12) of the tendons were pulled out from the bone tunnel and 67% (eight of 12) ruptured at the tendon. At the same time, only 18% (two of 12) of the tendons in group B were pulled out from the bone tunnel and 83% (ten of 12) broke at the tendon portion. The average maximal failure load of group B was 41.4 N (37.4-44.5 N), which is significantly greater than that of group A (28.3 N; 26.1-30.5 N) at 16 weeks ( Figure 13 ).
Discussion
Tendon injuries are common in orthopedic clinical practice and cause substantial morbidity in sports and routine daily activities. Tendon-bone healing is vital for the ultimate success of various surgical procedures performed to repair injured tendons. 3, 21, 22 Reports indicated that enveloping the tendon graft with periosteum may improve osseous ingrowth and healing at the tendon-bone interface because periosteum has a unique population of mesenchymal stem cells to form various connective tissues and induce new bone formation. 8, 9, 23, 24 Although enveloping the grafts with periosteum appears to be a promising approach, clinical evidence supporting its use in humans to augment tendon-bone healing is still lacking, and donor site morbidity is an inevi- the tendon graft to promote tendon-bone healing. 18, 26 In the current study, we selected collagen and PLGA to build up a nanofibrous membrane and act as a biomimetic periosteum to enhance tissue invasion and cell attachments in the tendonbone tunnel interface.
PLGA is one of the biodegradable materials that has been approved by the US Food and Drug Administration for medical use and has been widely studied as a therapeutic delivery vehicle owing to its biocompatibility and biodegradability. 27, 28 After being introduced into the body, PLGA induces only a minimal inflammatory response and biodegrades through the hydrolysis of its ester linkages to yield biocompatible lactic and glycolic acids. 29, 30 The in vitro tests in this study showed that the PLGA/collagenblended nanofibrous membrane is a hydrophilic, acid-base stable, and biocompatible polymer suitable for biological applications.
Collagen is a natural extracellular matrix component of many tissues, such as skin, bone, tendon, ligament, and other connective tissues. Among the collagen isotypes, type I is the principal structural and functional protein. 31, 32 The fibrillar structure of type I collagen has long been known to be important for cell attachment, proliferation, and differentiated function in tissue culture. 33 In native tissue, type I collagen fibrils have diameters ranging from 50 nm to 500 nm and are quite uniform in size. The SEM results of this study showed that all PLGA/collagen nanofibrous membranes with five different compositions, and with average diameters ranging from 200 nm to 1,100 nm, have porous ultrastructures of ,1,200 nm, which were demonstrated earlier to permit tissue invasion and cell attachment. 31, 34 In this study, we designed and developed a truncated cone-shaped PLA-anchoring bolt to act as a circumferential press-fit fixation of the tendon at the medial cortical site. The in vitro characterization in this study demonstrated degradation of the molecular weight of the 3D printed bolts at 3 months. It has been reported that high molecular weight PLA can take between 2 years and 5.6 years for total resorption in vivo. Although the polymer is known to lose its strength in ∼6 months when hydrolyzed, no significant changes in mass will occur for a very long time. 14, 15 The histological examinations demonstrated adequate biocompatibility of the PLA bolt on the medial cortex with progressive bone ingrowth and without tissue overreaction. By combining the use of a collagen nanofibrous membrane on the lateral cortex with a PLA bolt on the medial cortex, the tendon graft in group B demonstrated adequate stabilization without tunnel enlargement. In contrast, tendon grafts in group A with a PLA bolt on the medial cortex and without nanofibers on the lateral cortex showed halo sign formation, which represented tunnel enlargement on the lateral cortex at the 8-week histological assessment.
The tendon pullout test at the postoperative 8-week assessment showed no significant difference between these two groups owing to adequate press-fit fixation by bolt anchoring at the medial cortex. However, at the 16-week assessment, the different tendon pullout strengths between these two groups revealed that the PLGA/collagen nanofibrous membrane triggered more tendon-bone integrations on the lateral cortex. At the pullout test, the failure point 
Figure 10
Results of cytotoxicity testing of the nanofibrous membrane. Notes: The OD value increased from day 1 to day 3 in all nanofiber-embedded groups compared with the control group. The group with a Plga/collagen ratio of 67/33 revealed a more significant boost in the OD value. *P,0.05; **P,0.01. Abbreviations: OD, optical density; Plga, poly(d,l-lactide-co-glycolide).
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enhancement of tendon-bone healing represented the key weakness structure of the healing tendon graft. These failures by tendon pullout from the tunnel represented a decreased press-fit effect by the PLA bolt with inadequate tendon-bone integration. The ruptures on the mid-substance of the tendon represented an adequate press-fit effect by the PLA bolt and incorporation on the tendon-bone interface, such that the strength of tendon-bone integration exceeded that of the tendon itself. Thus, the break point was on the mid-substance of the tendon rather than on the tendon-bone interface.
The results of this study demonstrated that the composite polymers of the PLA bolt and PLGA/collagen nanofibrous membrane can effectively promote outcomes of tendon reconstruction in this rabbit model. However, the relatively restrictive sample size of four for the histological assessments and eight for the tendon pullout tests per study arm is a limitation of this study. While most previous studies have used a study population of at least 15 per group, 2,35 our study insisted on adequate animal care. We did not perform the index procedure and in-contrast operation on both legs of a rabbit. In addition, we did not perform an animal study of in vivo comparisons for all five PLGA/collagen compositions owing to the limitation in the number of rabbits. We only selected the most bioeffective composition of a PLGA/ collagen ratio of 67/33 for the in vivo animal studies. All these limitations will be topics of future study.
Conclusion
Successful tendon reconstruction can be challenging because of the limited regeneration capacity of the tendon-bone interface and decisive requirement of tendon-bone anchoring to avoid the tunnel enlargement phenomenon. Our design of the PLA bolts provides durable stabilization of the tendon graft for tendon-bone healing. The PLGA/collagen-blended nanofibrous membrane also enhances tendon-bone healing by increasing tissue invasion and cell attachment. 
